Intraglomerular hypertension and glomerular hyperfiltration likely contribute to the pathogenesis of diabetic nephropathy, and tubuloglomerular feedback (TGF) has been suggested to play a role in diabetic hyperfiltration. A1 adenosine receptor (A1AR) null mice lack a TGF response, so this model was used to investigate the contribution of TGF to hyperfiltration in diabetic Ins2 ϩ/Ϫ Akita mice. TGF responses in Ins2 ϩ/Ϫ A1AR Ϫ/Ϫ double mutants were abolished, whereas they were attenuated in Ins2
Intraglomerular hypertension and glomerular hyperfiltration are suspected to play a major role in the pathogenesis of diabetic nephropathy. 1 A variety of vasoactive systems have been found to be altered in diabetes, but no single vascular factor that fully accounts for the hyperfiltration of early diabetes has been identified. 2 In this study, we investigated the role of adenosine 1 receptors (A1AR) in the chronic hemodynamic alterations associated with diabetes by comparing filtration rates in diabetic mice during a 5-to 6-mo period in the presence and absence of A1AR. A major incentive for these studies was our previous finding that A1AR-deficient mice lack a tubuloglomerular feedback (TGF) response. Because TGF has been implicated as a causal mechanism in diabetic hyperfiltration, 3, 4 we performed these studies with the expectation that GFR in diabetic mice lacking TGF would be normal and that the histopathology would be less pronounced.
The diabetic model used in this study was the Akita heterozygote strain (Ins2 ϩ/Ϫ ). We demonstrate that double-mutant mice carrying the A1AR deficiency in an Ins2 ϩ/Ϫ background maintain the phenotype of absence of TGF. Contrary to expectations, double mutants with both diabetes and TGF deficiency have an exaggerated increase of GFR, augmented albuminuria, and worsened glomerular injury compared with single-mutant Akita mice, suggesting that A1AR exert a restraining effect on GFR. It is possible that the increased injury is a consequence of absence of TGF, but other actions of A1AR have not been excluded.
RESULTS

Glycemia and Glycosuria
Plasma glucose was significantly higher in Ins2 ϩ/Ϫ and Ins2 ϩ/ Ϫ/A1AR Ϫ/Ϫ mice than WT at all time points (Figure 1 ). Furthermore, glucose was slightly higher in double than single mutants at 14 and 24 wk but not at 33 wk. Both diabetic strains had markedly increased urine flows, although urine volume increased with age in the double mutants, whereas it fell in the single-mutant mice (Figure 1 ). Urinary glucose excretion and urine flow were highly correlated in the diabetic mice ( Figure  2 ). There was a significant increase of plasma aldosterone in the double mutants compared with WT, whereas the difference in the single-mutant mice did not reach significance (Table 1). Plasma renin concentrations were not significantly different between groups.
GFR and Kidney and Body Weights
As shown in Figure 3 for individual animals, GFR of Ins2 ϩ/Ϫ / A1AR Ϫ/Ϫ mice (n ϭ 8) was significantly higher than that of both WT (n ϭ 6) and Ins2 ϩ/Ϫ mice (n ϭ 10) at all ages. GFR of Ins2 ϩ/Ϫ mice tended to be higher than WT, but this difference achieved significance only at 24 wk. When factored by body weight, GFR was significantly higher in Ins2 ϩ/Ϫ than WT in all age groups (Figure 4) , as a result of the significantly lower body BASIC RESEARCH www.jasn.org weights in the diabetic mice ( Figure 5A ). Body weight differences between WT and diabetic mice were especially pronounced at 33 and 38 wk. Kidney wet weights in diabetic mice were significantly higher than in WT already at 12 to 20 wk ( Figure 5B ). Kidney weight increased further in the doublemutant mice but not in the single-mutant mice. Mean GFR in C57Bl6 A1AR
Ϫ/Ϫ single-mutant mice, not included in the longitudinal study, averaged 309 Ϯ 94 l/min (n ϭ 7; age 20.4 Ϯ 11 wk) compared with a GFR of 337 Ϯ 89 l/min in C57Bl6 WT mice (NS; n ϭ 12; age 20.5 Ϯ 4 wk). , and 87 Ϯ 2.7 mmHg in double-mutant mice. Early proximal flow rate (EPFR), a close correlate of single-nephron GFR, fell from 9.7 Ϯ 0.5 to 5 Ϯ 0.5 nl/min in WT (mice/tubules 3/12; P Ͻ 0.001) and from 9.7 Ϯ 0.55 to 6.9 Ϯ 0.6 in Ins2 ϩ/Ϫ (mice/tubules 3/10; P Ͻ 0.001) and did not change in double mutants (11 Ϯ 0.5 versus 11.1 Ϯ 0.5 nl/min; mice/tubules 3/11). The relative change of EPFR was greater in WT than in Ins2 ϩ/Ϫ mice (48.4 Ϯ 4.7 versus 29.4 Ϯ 4.1%; P ϭ 0.008). Whereas EPFR at 0 nl/min was not different between strains, EPFR at 30 nl/min was significantly higher than in WT in both Ins2 ϩ/Ϫ (P Ͻ 0.05) and Ins2
Average response magnitudes of P SF and EPFR in the three genotypes are shown in Figure 8 . It is to be noted that addition of glucose to the perfusate reduced the TGF response. 5, 6 The use of glucose-free Ringer solutions in this study should therefore have facilitated the detection of any residual capacity for TGF regulation
Urine Albumin Excretion and Glomerulosclerosis
Albumin excretion of Ins2
ϩ/Ϫ /A1AR Ϫ/Ϫ double mutants was significantly elevated compared with either WT or Ins2 ϩ/Ϫ ( Figure 9 ), whereas the albuminuria of Ins2 ϩ/Ϫ mice was less pronounced (Figure 9 ). The histologic evidence for sclerosis, as examined by staining with Masson trichrome ( Figure 10A ), for mesangial expansion with periodic acid-Schiff ( Figure 10B ), and for interstitial fibronectin with immunolabeling ( Figure 10C ) was more pronounced in the doublemutant mice than in the single-mutant Ins2
. The fraction of the glomerular tuft occupied by stained material was significantly higher in double-mutant compared with single-mutant Ins2 ϩ/Ϫ (P Ͻ 0.01) and WT mice (P Ͻ 0.001). In contrast, there was no significant difference in the degree of sclerosis in diabetic Ins2 ϩ/Ϫ mice with functioning A1AR compared with WT mice (Figure 11 ).
Mesangial Area Fraction
The mesangial area fraction assessed by electron microscopy was significantly higher in Ins2
Ϫ/Ϫ mice than in WT mice (P Ͻ 0.05 by ANOVA), whereas the difference between WT and Ins2 ϩ/Ϫ mice was NS ( Figure 12 ). In addition, compression of luminal space and diffuse deposition of collagen fibers was found to be more pronounced in Ins2 ϩ/Ϫ /A1AR
Ϫ/Ϫ kidneys compared with WT mice. Only moderate lesions were noted in Ins2 ϩ/Ϫ kidneys. There was no consistent evidence for glomerular basement membrane thickening in either strain.
DISCUSSION
The main finding of this study is the demonstration of markedly augmented hyperfiltration in type 1 diabetic Akita mice ). In contrast, the increase of GFR in single-mutant Akita mice was less pronounced. Hyperfiltration in Ins2
Ϫ/Ϫ mice was accompanied by increased albumin excretion and worsened glomerulosclerosis compared with single-mutant Akita mice. Our results are compatible with the notion that A1AR reduce the impact of factors that increase GFR and thereby limit the degree of diabetic hyperfiltration and possibly of diabetic nephropathy.
Male Akita mice develop marked hyperglycemia and glycosuria soon after weaning, with plasma glucose levels reaching 30 mM by 9 wk of age. 7 Insulin deficiency is the consequence of a severe pancreatic ␤ cell decline resulting from a mutation of the insulin 2 gene and the proteotoxic effect of misfolded insulin. 8, 9 GFR of Akita mice tended to increase as early at 14 wk of age, and it was significantly elevated at age 24 wk. In a previous study in Akita mice that did not include comparison with WT controls, GFR was reported to be 520 Ϯ 120 l/min, similar to our value of 457 Ϯ 29 l/min and consistent with mild hyperfiltration. 10 Overall, the degree of hyperfiltration in various diabetic mouse models has been modest and seems to depend on both duration and strain. In this regard, hyperfiltration has been found at 3 mo of age in both OVE26 mice, a type 1 diabetic model, and in db/db mice, a model of type 2 diabetes [11] [12] [13] ; no hyperfiltration was observed in either strain when mice were older than 5 mo. 12, 14 In an extensive series of studies in streptozotocin-induced diabetic mice, hyperfiltration was found in only two of the six strains examined when GFR was expressed in absolute terms; C57Bl/6 mice, the genetic background of all mice used in this study, did not show GFR differences between controls and diabetics. 15 GFR was elevated, however, when values were normalized for body weight, reflecting the consistently reduced body weight of the diabetic animals. 15 Akita mice have a markedly increased kidney/body weight ratio, reflecting an increase of kidney weight as well as a reduction of body weight. This is in agreement with previous studies 16, 17 and with the earlier observation that glomerular volumes of 16-wk-old Akita mice are 38% larger than those of control glomeruli. 17 Because the size of glomeruli seems to increase in rough proportion to overall kidney size, an increase in the filtering surface area may be in part responsible for the increased GFR. 18 Another factor contributing to hyperfiltration in early diabetes is glomerular hyperperfusion and glomerular capillary hypertension. 19 Afferent arteriolar relaxation has been suggested to result from a primary deactivation of TGF. 20 In fact, the integrated function of the TGF mechanism in Akita mice, as determined by microperfusion experiments, shows a reduction in maximum responsiveness. Nevertheless, hyperfiltration can occur in Akita mice even in the complete absence of TGF, indicating that the TGF alteration may be a secondary consequence of afferent arteriolar dilation rather than its cause. An increase of renal nitric oxide production may contribute to diabetic hyperperfusion, hyperfiltration, and TGF attenuation, because renal hemodynamics seem to be more sensitive to nitric oxide synthase blockade in a number of diabetic models, 13, 21, 22 although this has not been studied in Akita mice.
Diabetic mice without A1AR were generated by crossing Akita mice with A1AR-deficient mice that lack TGF. 23 Double mutants homozygous for the A1AR deletion and heterozygous for the Ins2 mutation (Ins2 ϩ/Ϫ /A1AR Ϫ/Ϫ ) were viable and not grossly variant from respective parental single mutants; however, absence of A1AR markedly enhanced the extent of hyperfiltration in Ins2 ϩ/Ϫ diabetic mice. The causes of this are not entirely clear. It was noted previously that the A1AR-mediated vasoconstrictor response to adenosine was augmented in diabetic compared with control rats and that the expression of A1AR as well as A2AR was upregulated in diabetes. 24, 25 Deletion of A1AR in the double-mutant mice could therefore result in vasodilation of renal resistance vessels above that seen in single-mutant diabetic mice. Nevertheless, we did not detect significant differences in GFR and renal blood flow between WT and A1AR-deficient mice, suggesting that A1AR do not exert major tonic constrictor effects under resting conditions. 26 Our data also show that the hyperglycemia of Ins2 ϩ/Ϫ mice is modestly but significantly worsened by ablation of A1AR. This elevation of nonfasting glucose may be related to our recent observation that A1AR-deficient mice have reduced glucose tolerance and insulin sensitivity. 27 It is unclear whether this increase in plasma glucose could be directly responsible for the augmentation of GFR in the double-mutant mice. Complete absence of a response of P SF and EPFR to changes in loop of Henle perfusion rate was observed in Ins2 ϩ/Ϫ /A1AR Ϫ/Ϫ mice. Hyperfiltration in the absence of TGF regulation is not compatible with the notion that the increase of GFR in diabetic mice may be caused by the TGF mechanism. Hyperfiltration was recently also observed in A1AR Ϫ/Ϫ mice with alloxan-induced diabetes. 28 Furthermore, previous studies in rats using the streptozotocin model of diabetes showed that blocking TGF acutely by complete or partial proximal fluid removal was associated with a consistently higher single-nephron GFR. 19,29 -31 Thus, rather than causing diabetic hyperfiltration, TGF seems to restrict it by providing a tonic vasoconstrictor input to afferent arterioles.
Our observations confirm the presence of some of the histopathologic markers of diabetic nephropathy in Ins2 ϩ/Ϫ mice. Furthermore, as described by others in previous studies, we observed mesangial expansion as sign of early diabetic glomerular alterations by both light and electron microscopic examination. 10, 17, 32, 33 In addition, an increase of urinary albumin excretion was noted, indicative of some abnormality of glomerular permselectivity, but as in other studies in Ins2 ϩ/Ϫ mice, the increase in albumin excretion was mild. 16 ,17,32,34 Our BASIC RESEARCH www.jasn.org study shows that the glomerular abnormalities observed in Ins2 ϩ/Ϫ mice are enhanced in these mice when they lack A1AR. Thus, the effect of the A1AR null mutation on diabetes-associated glomerular structure and function correlates with the degree of hyperfiltration, but a contribution of the greater hyperglycemia in the double mutants to the renal pathology cannot be excluded. Recent studies in Ins2 ϩ/Ϫ mice showed that the bradykinin B2 receptor is another factor whose absence markedly aggravates diabetic nephropathy. 16 Evidence has been accumulated to suggest that diabetes and especially diabetes in a bradykinin B2 receptor-deficient background represent states of accelerated senescence. 35 It remains to be shown whether Ins2 ϩ/Ϫ /A1AR Ϫ/Ϫ mice are also characterized by increased expression of senescence markers.
In summary, our studies indicate that the modest hyperfiltration observed in mice with insulin-dependent diabetes is augmented when the animals lack A1AR. Because A1AR-deficient diabetic mice lack TGF regulation, the glomerular relaxation leading to hyperfiltration does not seem to be the result of inactivation of the TGF pathway. It is more likely that TGF acts as a system that prevents currently undefined vasodilatory factors from causing excessive hyperfiltration.
CONCISE METHODS
Animals
Male Akita mice (Ins2 ϩ/Ϫ ; C57Bl/6 background) from Jackson Laboratories (Bar Harbor, ME) were crossed with female C57Bl/6 WT mice. For generation of Ins2 ϩ/Ϫ /A1AR Ϫ/Ϫ double mutants, female A1AR Ϫ/Ϫ mice (C57Bl/6 background) were crossed with male F2 mice that were heterozygous for both the Ins2 (Akita) and A1AR mutations. All experiments were performed in male mice. Animal experimentation was approved and carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Genotyping for A1AR was done on tail DNA using PCR as described previously. 23 Genotyping of Ins2 was done by standard PCR (primers TGCTGATGCCCTGGCCTGCT and TGGTCCCACATAT-GCACATG) using AmpliTaq DNA Polymerase (Applied Biosystems, Foster City, CA). The PCR product was then digested for 2 h with Fnu4H I restriction enzyme (cat. no. R01785; New England Biolabs, Ipswich, MA) and separated on Agarose/EtBr (3% [wt/vol]) gel.
GFR
GFR was measured by single-injection FITC inulin clearance as described by Qi et al., 36 modified to minimize plasma volume. FITCinulin (5%), dialyzed overnight against 0.9% NaCl (final concentration approximately 3%), was injected at 3.7 l/g body wt into the retro-orbital plexus during brief isoflurane anesthesia (recovery within approximately 20 s). At 3, 7, 10, 15, 35, 55 , and 75 min, the mice were placed in a restrainer, the tail vein was punctured with a 30-G atraumatic needle, and approximately 2 l blood was collected by capillarity into heparinized 5-l microcaps (Drummond Scientific, Broomall, PA). A total of 500 nl of plasma was diluted 1:10 in 500 mmol of HEPES (pH 7.4) and measured against a standard curve (1 l of approximately 3% FITC-inulin diluted 1:50, 1:100, and 1:500 in 500 mmol of HEPES). Fluorescence was determined in 1.7 l in a Nanodrop-ND-3300 spectrometer (Nanodrop Technologies, Wilmington, DE). GFR was calculated using a two-compartment model of two-phase exponential decay. 36 
Micropuncture Studies
The preparation of the kidney for micropuncture and the techniques used to determine the responses of P SF or EPFR to loop perfusion have been described in detail previously. 37 "Early proximal" in this study is defined as a proximal segment that is followed by at least five surface segments.
Plasma Determinations
Nonfasting blood glucose concentration was measured with Glucostix (Roche Diagnostics, Indianapolis, IN), and plasma aldosterone was measure by RIA (Coat-A-Count Aldosterone Kit TKAL1; DPC, Los Angeles, CA). Renin concentration was determined as described previously. 38 
Urine Collection
Twenty-four-hour urine collections were made in metabolic cages (Hatteras Instruments, Cary, NC) at ambient room temperature with unrestricted access to tap water and standard rodent diet. Urine glucose concentration was determined by Glucostix (AccuCheck active; Roche Diagnostics), and urine albumin was determined by ELISA (Albuwell M; Exocell, Philadelphia, PA).
Tissue Sampling and Histochemistry
Kidneys of 26-to 28-wk-old mice were excised, weighed, cut longitudinally, and frozen in liquid nitrogen. Frozen section were cut under a layer of Tissue-Tek OCT. Tissue preparation for histochemistry was provided by Histoserv (Germantown, MD). Three-microgram sections were cut from paraffin-embedded tissue and stained with periodic acid-Schiff, hematoxylin and eosin, and Masson trichrome for light microscopy or retained for immunohistochemistry.
Glomerular Score
Mesangial expansion was assessed semiquantitatively by scoring the extent of glomerular tuft staining in Masson trichrome-stained sections. In a blinded manner, 20 consecutive glomeruli were selected from both superficial and deep cortex of the kidney. The scoring examined the fraction of the glomerular tuft occupied by stained material, including nuclei (black), cytoplasm, and noncollagenous matrix (red) and collagenous matrix (blue).
Immunolabeling
Tissue sections were dewaxed with xylene and rehydrated with graded ethanol. After blocking endogenous peroxidase activity with 0.3% H 2 O 2 for 15 min, sections were boiled in 10 mM sodium citrate solution (pH 6.0) for 20 min. the Sections were stained with primary fibronectin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) using Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, CA) and counterstained with hematoxylin before being examined.
Electron Microscopy
Kidney tissue for electron microscopy was fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) overnight at 4°C, washed with cacodylate buffer and postfixed with 1% OsO 4 for 2 h, dehydrated in ethanol, and embedded in Eponate 12 resin (Ted Pella, Redding, CA). Sections (80 nm) were obtained with the Leica ultra-cut UCT ultramicrotome (Leica, Deerfield, IL) and stained with saturated uranyl acetate. The grids were viewed in the Philips 410 electron microscope (FEI, Hillsboro, OR) at 80 kV, and images were recorded on Kodak SO-163 film (Rochester, NY).
Three different areas per section were observed by electron microscopy (ϫ5724) and quantified for mesangial and intracapillary areas by tracing function and area calculator using ImageJ 1.35i software. Areas were determined by two masked reviewers using at least three glomeruli per section.
Statistical Analyses
All data are presented as means Ϯ SEM. Multivariable determinations were compared by one-sided ANOVA with Tukey or Bonferroni post hoc testing.
